Gully erosion is a degradation process affecting soils in many parts of the World. Despite the complexity of a series of collective factors across different spatial scales, previous research has not yet explicitly quantified factor dominance between different sized gullies.
Introduction
Gully erosion is a major soil degradation problem, confronting both land and water resource management in many parts of the World (e.g. Descroix et al., 2008; Kheir et al., 2008; Kakembo et al., 2009) . It is a process where surface (or subsurface) water concentrates in narrow flow paths and removes the soil resulting in incised channels that are too large to be destroyed by normal tillage operations (Kirkby and Bracken, 2009) .
Although gully erosion is a natural process, it is most often triggered or accelerated by human activities such as clearing vegetation and overstocking (Valentin et al., 2005) . Once initiated, individual gullies can expand into a network of active gullies that contribute significantly to soil loss in a catchment (e.g. Martinez-Casasnovas et al., 2003) . In addition to the loss of arable land, the eroded material leads to sedimentation of reservoirs, as well as lower water tables reducing water available for plant growth or livestock (Kirkby and Bracken, 2009 ). To prevent these negative impacts and to remediate affected areas (which can be very costly), the spatial extent of the problem and the factors causing it should be established, followed by regional-based erosion control strategies (Poesen et al., 2003; Tamene et al., 2006) .
Most regional studies across the globe emphasize the sheet and rill aspects of the erosion cycle, but few map and/or model gully erosion (e.g. Martinez-Casasnovas, 2003; Vrieling et al., 2007) . Perspectives on gully factors have typically been obtained from field scale (<10 -1 km 2 ) studies and are confined to local conditions (Vrieling, 2006; Ndomba et al., 2009) . This is probably due to the temporal and spatial complexity at which the phenomenon occurs since several factors contribute to gully development including topographical variables, parent material-soil associations and land use-cover interactions (Valentin et al., 2005) . Furthermore, gully contributing factors important in a specific area are not necessarily important in other areas (Sonneveld et al., 2005) . For example, a factorial analysis by Descroix et al. (2008) in the subtropical mountain slopes of Western Sierra Madre underline the separation of gullies in two groups. The first group consists of large gullies on gentle slopes with extended contributing/catchment areas where soils are thick and stone-free. The second group constitutes small gullies that occur mainly on hillslopes characterized by steep slopes with thin and stony soils. However, only a qualitative appreciation of the factors influencing their development has been obtained and the factors distinctively controlling small and large gully development remain poorly understood. Differences in factor dominance between large continuous gullies with a branching network that discharges into a stream/river at the base of a slope and small discontinuous that fade out into a depositional zone have not yet been fully resolved.
In this context, the aim of the study is to quantify the differences in factor dominance between continuous gullies (cgs) and discontinuous gullies (dgs). This will be achieved by accurately mapping gullies in a large catchment (nearly 5 000 km 2 ) followed by integrating a variety of ancillary information in the form of spatial data layers, also referred to as gully factor maps, into a geographical information system (GIS). A specific catchment located in the Eastern Cape Province of South Africa is used for this purpose coded as tertiary catchment 35 by the South African Department of Water Affairs. The catchment was chosen for its high erosion risk on high potential agricultural land (Le Roux et al., 2008a; b) . The study highlights gully factors likely to emerge as dominant between cgs and dgs and provides insight regarding the interplay of eleven important causal factors, collectively disregarded in previous research. The implications of the results are also outlined to assist the design of appropriate strategies targeted at area-specific management of the major causative factors of gully erosion, including the formulation of preventative measures in susceptible areas. Temporal scales are beyond the scope of this research and the study does not distinguish between active and passive gullies.
Site description
The catchment lies between 30º 46' 58'' and 31º 28' 55'' south and 27º 55' 56'' and 29º 13' 47'' east in the Eastern Cape Province of South Africa, north of the town Mthatha (formerly Umtata) (see Figure 1 ). Elevation ranges from 168 m at the catchment outlet in the southeast to 2 730 m in the Drakensberg mountains. The catchment area of 4 924 km 2 is drained mainly by the Tsitsa River, which flows into the Mzimvubu River after a flow length of approximately 200 km from northwest to southeast. Landforms are complex, ranging from very steep (40%) mountain slopes of the Drakensberg to gently undulating footslopes (2%) and nearly level valley floors. The climate is sub-humid with mean annual rainfall ranging from 672 mm in the lower plains to 1 327 mm in the mountains. Vegetation is largely influenced by altitude, as well as by grazing and burning. The catchment is mainly dominated by grassland including montane, subalpine and alpine belts with pockets of shrub and woodland or Protea savannah (Killick, 1963 as cited in Flügel et al., 2003 Low and Rebelo, 1998 
Methodology: Gully mapping and factorial analysis
Gully erosion mapping was based on analysis of SPOT 5 imagery from various acquisition dates in 2008. SPOT 5 satellite imagery was utilized because the panchromatic sharpened images at 2.5 m resolution provides high resolution air photo-like quality for gully mapping (Taruvinga, 2008) and was acquired from government agencies for the whole of South Africa. The study resolved to map gully erosion for the whole catchment by means of manual vectorization at a scale of 1:10 000. Although the technique is time-consuming, automated mapping techniques could not express individual gullies with the required accuracy due to their spectral complexity over such a large area. Subsequently, the study effectively distinguished between large continuous gullies (cgs) with a branching network that discharges into a stream/river at the base of a slope and relatively small discontinuous gullies (dgs) that fade out into a depositional zone.
Several factors contribute to gully development and they have been well described in the literature, including topographical variables (e.g. Desmet et al., 1999; Kheir et al., 2007; Kakembo et al., 2009) , parent material-soils interactions (e.g. Laker, 2004; Valentin et al., 2005) and cover management (e.g. Boardman and Foster, 2008; Gutiérrez et al., 2009 ).
The study considered incorporation of rainfall since it is known to be and important driving factor in gully development (Kirkby and Bracken, 2009) . Although rainfall varies from 672 mm in the plains to 1 327 mm in the mountains, it was not integrated in this analysis as it does not vary substantially in the central gullied part of the catchment. Since not all gully factors can be taken into account at a regional scale, the study considered incorporation of the most important factors for which regional data already existed, or that could be readily derived for the whole catchment. Descriptions of the gully contributing factors, methods of derivation and data sources are summarized in Table 1 . Furthermore, each gully factor layer was categorized into 5 expert-based rankings or classes that, according to observations, uniquely influence gully development. The soil depth factor was categorized into only 3 classes, mainly due to the unavailability of such spatial data (Van Den Berg and Weepener, 2009 ). These classes allowed assessment of the separate effects of different factors and spatially weighted comparison of environments with unequal surface areas within the catchment, as well as comparison between numerical (S, AS, TWI, LS, K and VC) and non-numerical (TU, GT, LT, SD and LU) data (see Table 1 ). Slope ( LS is the spatial distribution of soil loss potential that is equivalent to the length-slope factor in the RUSLE where both AS an S is high; assuming the erosion rate is transport limited with uniform rainfall excess runoff (Mitasova et al., 1996) . 0-1.02 (1110) Five terrain morphological areas mapped/modelled from a 90 m SRTM DEM (Rodriguez et al., 2005) interpolated to 30 m, using typical topographical algorithms of Evans (1979) and Schmidt et al. (2003) Fractional vegetation cover (in %) derived from TSAVI on Landsat TM image with a grid cell resolution of 30 m; delivers reliable vegetation cover results for arid and semi-arid grassveld landscapes in South Africa (Flügel et al., 2003) A challenge was to assess how factor dominance differs between continuous and discontinuous gullies using the gully factor layers mentioned above. First, an assumption was made that gully factor dominance is associated with the extent of gully erosion within a respective class area. To evaluate differences between these gullies at the large catchment scale, the study postulated that a zonal approach is more appropriate than correlation analyses generally utilized in erosion studies. Multiple regression models, for example, tend to suffer from a limited sample design, subjectivity during factor rating, and a large percentage of variability is usually unexplained (Kheir et al., 2007) . Due to the spatially thematic configuration of the gully factor layers it was decided to determine the proportion that each of the above-mentioned 5 classes are affected by continuous and discontinuous gully erosion (by means of zonal functions in the Spatial Analyst extension of ArcGIS 9.3). The second category of information is presented as a series of graphs (see Figure 3) , expressing the fractions each class (1-5) affected by continuous gullies (cgs) and discontinuous gullies (dgs). Given that the column height is an indication of gully factor dominance, the most prevalent differences between classes are apparent in Graph-LT, signifying predominant gullying in LT5 (duplex soils). More specifically, approximately 0.0% and 0.1% of LT1 (relatively stable soils) is affected by cgs and dgs respectively, whereas approximately 5.2% and 1.7% of LT5 is affected by cgs and dgs respectively.
Results: Gully location map and factor differences
Although not as prominent as LT, the other graphs illustrate similar patterns, with fractions affected by gully erosion gradually and almost linearly increasing or decreasing from classes 1 to 5. Furthermore, results indicate that cgs exceed dgs in the higher gully classes, whereas dgs exceed cgs in the lower gully classes (except for Graph-S and Graph-LS). These variations between cgs and dgs warrant further discussion. 
Discussion: Differences between continuous and discontinuous gullies
Foremost, the high variability of gullied areas or fractions within each class is not surprising due to heterogeneity of the landscape. Despite this variability, it is possible to distinguish a hierarchy in causal factors for gully erosion between continuous gullies (cgs) and discontinuous gullies (dgs). The following discussion describes the gully factors individually but draws some attention to their interdependency. Special attention is given to differences between cgs and dgs.
Topographical factors
First, gullies in the catchment are mainly located on gentle slopes with gradients less than 10˚ as confirmed in other regions of South Africa (Flügel et al., 2003; Kakembo et al., 2009) . Although cgs and dgs follow a similar trend in this regard, the current study establishes some significant differences. In particular, cgs (0.9% of S1) are more prominent on gentle slopes than dgs (0.4% of S1), whereas dgs (0.2% of S5) are more prominent on steep slopes than cgs (0.1% of S5). The reason that dgs (the smallest range of gullies) exceed cgs (the largest range of gullies) on rolling slopes is coupled with the reason that gully erosion in the catchment is less severe on steep slopes. Tamene et al. (2006) found in Ethiopia that gully erosion is less severe on steep slopes, probably due to steep areas being less accessible and less exposed to human and livestock disturbances.
Another possible reason is provided by Poesen et al. (2003) , explaining that the so-called critical drainage area needed for gully initiation decreases as slope steepens. Likewise,
Kakembo et al. (2009) observed that gullying in several catchments of the Eastern Cape
Province predominantly occurs on gentle slopes where the critical drainage area or upslope contributing area (AS) is high.
Upslope contributing area (AS) is an important topographic variable that is frequently
linked with gully development. More specifically, gully development largely depends on high AS values (Kheir et al., 2007) . Areas with high AS values have high flow accumulation (number of upslope cells that flow into each cell) used to identify drainage areas and flow paths vulnerable to gully erosion (Desmet et al., 1999) . It is therefore not surprising that gullies in the catchment are mainly located on areas with a large AS (>200 The sediment transport capacity index (LS) also combines the effects of AS and slope.
Areas where LS is high (>4) are vulnerable to erosion due to the generation of sufficient runoff (high AS) with a sufficient level of relief energy (high slope) (Desmet et al., 1999) .
However, several studies agree that areas with high LS values do not necessarily represent zones where gullies develop (Kheir et al., 2007; Kakembo et al., 2009 ). Here we confirm that a low proportion of gullied areas in the catchment occur in areas where LS is high. It is noteworthy here that Graph-LS provided in the (Results: Gully Location Map and Factor Differences) Section above appears to be markedly similar to Graph-S, highlighting the distinct predominance of gullies on gentle slopes (as mentioned above). Therefore, for
LS, it appears as if slope limits the impact of AS. More specifically, in the catchment more cgs (0.8% of LS1) than dgs (0.4% of LS1) occur in areas where slope is low, yet AS is high, representing zones of saturation with high surface soil water on footslopes and valley floors. In contrast, more dgs (0.2% of LS5) than cgs (0.1% of LS5) occur where the slope is relatively high, yet AS is low, representing zones with low surface soil water on topographic highs/upper-slopes.
Several studies in South Africa state that gully development is specially favoured in certain terrain units (TUs), namely footslopes and valley floors (e.g. Descroix et al., 2008; Kakembo et al., 2009) . Gully development is favoured in footslopes and valley floors since they represent areas where overland flow is concentrated into preferred pathways of flow (Beckedahl and Dardis, 1988) , especially concave hollows adjacent to drainage lines, as opposed to upland convex hillslope sections (Kakembo et al., 2009 ). The present study indicates that footslopes constitute the preferential gully location zone followed (almost equally) by valley floors and concave midslopes. This pattern is especially noticeable for cgs that seems to be expanding from footslopes onto midslopes. More specifically, cgs (4.0% of TU3-5) exceed dgs (1.9% of TU3-5) in low hillslope and concave sections, whereas dgs (0.5% of TU1-2) exceed cgs (0.3% of TU1-2) on topographic highs and convex sections. The main reason for this difference is because development of cgs is generally restricted to concave areas along drainage paths where soils are deep (whereas dgs are not).
Although soil depth (SD) is not a topographical factor per se, it is highly correlated with TUs usually increasing downslope or towards the lower hillslope elements (Land Type Survey Staff, 1972 -2008 . Moreover, gully development also depends on the availability of deep soils (e.g. Descroix et al., 2008; Kakembo et al., 2009) . It is therefore not surprising that cgs (1.0% of SD3) exceed dgs (0.5% of SD3) where soils are deep, whereas dgs (0.2% of SD1) exceed cgs (0.1% of SD1) where soils are shallow. As a result, relatively large fractions of deep soils are affected by gully erosion, especially where footslopes and valleys are filled with erodible soils derived from mudstones.
Lithological and pedological factors
At the regional scale, several authors note that the inherent erodibility of the parent material (geology type -GT) as the overriding erosion risk factor (e.g. Watson and Ramokgopa, 1997; Tamene et al., 2006) . In particular, Laker (2004) indicates that in South Africa various mudstones are susceptible to gully erosion mainly due to highly erodible duplex soils derived there from (soils are further discussed below). Figure 3 above confirms the preferential development of gullies on Tarkastad Mudstones with 2.0% and nearly 1.1% of GT5 affected by cgs and dgs, respectively. It is noteworthy here that cgs, as well as dgs, on the other GTs are markedly limited. One would expect to find higher proportions of gullies in GT4 since it contains a combination of transported/unconsolidated alluvium and weak sedimentary mudrock that usually give rise to erodible soils (Laker, 2004) . One possibility for this discrepancy is that gully development on GT4 is counteracted by other factors such as good vegetation cover. Another reason for the preferential development of gullies on Tarkastad Mudstones opposed to the other GTs is linked to the soils derived from these mudstones.
Soils from the Tarkastad Mudstones are notably different from all of the other soils investigated in this study. The most prominent feature of these soils (duplex soils)
represented by land types (LTs) in class 5, is a permeable horizon overlying an impermeable one. As a result, water infiltrates and saturates the top layer above the impermeable one where it moves along as subsurface flow causing tunnel erosion (Beckedahl, 1998) . In addition, these soils are usually dispersive and easily lose aggregation. The tunnel network is exposed as gullies where their roofs collapsed. Here we confirm the preferential development of gullies on duplex soils with 5.2% and 1.7% of LT5 affected by cgs and dgs, respectively. In contrast, dgs (2.2% of LT1-4) are more prominent than cgs (1.4% of LT1-4) on a variety of relatively stable red to yellow apedal and litho soils. Evidently, gullied soils do not always, or simply, correlate spatially with weak underlying geology. If so, then Graph-LT (Figure 3) would have reflected the same pattern as Graph-GT. Instead, it seems as if the variability between cgs and dgs is largely affected by the high spatial heterogeneity of the LTs and the erodibility of their soils.
It is not surprising that extensively gullied LTs have high soil erodibility (K) values (and vice versa). As expected, the K-graph provided in Figure 3 above is markedly similar to the LTgraph. Once more, the distinction can be made between cgs (2.4% of K5) being more prominent than dgs (1.1% of K5) on highly erodible soils (duplex and dispersive), whereas dgs (0.7% of K1-3) are more prevalent than cgs (0.3% of K1-3) on a variety of less erodible soils (that weather more slowly with minimal development). As mentioned above, duplex soils are erodible and favour continuous gully development mainly due to the marked increase in clay content from the topsoil to subsoil horizon. As a result, duplex soils have an abrupt transition between the topsoil and the subsoil with respect to texture, structure and consistence (Samadi et al., 2005) . These soils limit intrinsic permeability since water does not move readily into the subsurface matrix, which leads to increased subsurface flow causing tunnel erosion (Beckedahl, 1998) . In addition, several studies agree that soils prone to tunnel erosion are usually dispersive and easily lose aggregation as a result of high sodium absorption (e.g. Rienks et al., 2000; Valentin et al., 2005) .
However, due to the lack of spatial information at a regional scale, the correlation between cgs, dgs and sodic soils still needs further investigation. Collectively, all the factors discussed above highlight areas that are intrinsically susceptible to gully development. The last two factors discussed below are important to highlight areas where gully erosion is extrinsically triggered or accelerated by land use and human-induced reduction of the vegetation cover.
Land use and vegetation cover
As indicated by examples worldwide (e.g. Boardman and Foster, 2008; Gutiérrez et al., 2009 ), gully erosion is often triggered and/or accelerated by inappropriate land use (LU).
This trend is confirmed consistently for both sets of gullies. However, cgs (4.9% of are more prominent than dgs (2.6% of LU3-5) in cultivated areas and degraded grassland, whereas dgs (0.9% of LU1-2) are more prominent than cgs (0.6% of LU1-2) in natural Several studies identify the reduction in vegetation cover (VC) as the main driving factor of gully erosion (e.g. Tamene et al., 2006; Descroix et al., 2008) . illustrates that more vegetation is present in dgs than cgs. A probable reason is related to VC calculations being carried out in a grid-based system that depends on grid-cell resolution (Zhang et al., 2002) . For example, the Landsat TM image used to calculate the TSAVI and subsequent VC grid have a coarse resolution of 30 m 2 and therefore, small gullies with narrow patches of bare soil are incorrectly imbedded in vegetated areas (Taruvinga, 2008) . Since dgs are frequently less than 30 m 2 in size, the proportion VC inside gullies at field scale could be overestimated, while the proportion bare soil could be underestimated.
Given that all zonal calculations in the study are based on a grid system, one of the main limitations of the study is that all outcomes will be subject to a certain degree of error.
However, the variability between cgs and dgs caused by various grid-cell resolutions of the gully factor layers is outside the scope of current research and remains to be tested. It appears that the variability between scales is mainly affected by the high spatial heterogeneity of the study area itself. Another limitation worth mentioning here is that the study does not investigate land use history and vegetation conditions prior to gully development (since temporal scales are beyond the scope of this research). Therefore,
uncertainties remain to what extent poor vegetation cover contributed to initial gully development in relation to other important contributing factors such as the intrinsic susceptibility of the soil. In effect, gully erosion processes itself can reduce the vegetation cover due to the removal of topsoil, as well as by soil tunneling/collapse. Nevertheless, similar to observations in a number of regions of South Africa (Laker, 2004; Le Roux et al., 2008b) , it is postulated that a combination of overgrazing and susceptible mudstones proves to be key factors that consistently determine the development of cgs and dgs in the catchment.
Conclusions and recommendations
Factors leading to the development of gullies in the catchment are consistent with other studies. However, previous research has not yet explicitly quantified differences in factor dominance between large continuous gullies (cgs) and relatively small discontinuous gullies (dgs). This factorial analysis contributes to perspectives on gully development by quantifying the differences or extent in factor dominance between cgs and dgs. The study indicates the complexity of a series of collective factors that are not identical between cgs and dgs. Factors leading to the development of cgs are gentle slopes in zones of saturation along drainage paths with a large contributing area, erodible duplex soils derived from mudstones, and poor vegetation cover due to overgrazing. When integrated with drainage networks, gullies expand from valley floors and footslopes onto concave midslopes where the soils are deep. Compared to continuous gully conditions, more dgs occur on rolling slopes where the surface becomes less frequently saturated with a smaller contributing area and where soils are more stable and shallow. These conditions prevent dgs from expanding extensively or from becoming continuous. However, they might still be active, as reported by Ndomba et al. (2009) for dgs in a catchment northeast of Tanzania.
Further refinement will be possible given additional research, including investigation of the effect of land use history and vegetation conditions prior to gully development (e.g. Kakembo et al., 2009) , distinction between active and passive gullies using a combination of different optical and multi-temporal data (Ndomba et al., 2009) , and modeling gully erosion rates for representative test gullies and then averaging the results over the areas of active gully erosion (Flügel et al., 2003) .
Separation of gullies into these two groups is consistent with the findings of Descroix et al. (2008) . The main difference to previous multi-scale studies such as Descroix et al. (2008) and Sonneveld et al. (2005) is specific quantification of the differences or extent in gully factor dominance between cgs and dgs. Some of the most prevalent differences between the two groups are apparent for the terrain unit and soil factors (land types and soil erodibility). A marked distinction can be made between large cgs favoured on footslopes with highly erodible soils (duplex and dispersive) and small dgs prevalent on a variety of terrain units with less erodible soils (that weather more slowly with minimal development).
A combination of overgrazing and susceptible mudstones proves to be key factors that consistently determine the development of cgs and dgs.
Understanding the significance of gully controlling factors from field to catchment scale enables site-and scale-specific management intervention. For example, due to limited financial resources it will not be feasible to rehabilitate cgs with large and expensive structures at the catchment scale. However, it is imperative to minimize their current expansion from footslopes onto concave midslopes with site-specific construction of structures and protecting the vegetation from overgrazing (especially upslope along drainage paths situated on duplex soils). In addition to rehabilitating existing gullies, the identification of currently vegetated or gully-free areas susceptible to continuous and/or discontinuous gully development can also be achieved (not shown here -but estimated at approximately 560 and 6 700 ha, respectively). Appropriate strategies then need to be designed for susceptible areas in order to protect the current vegetation cover.
